[1] Microphysical and chemical aerosol measurements collected during DYCOMS-II research flights in marine stratocumulus clouds near San Diego in 2001 were used to evaluate the partitioning of 18 organic and elemental components between droplet residuals and unactivated particles. Bulk submicron particle (between 0.2 and 1.3 mm dry diameter) and droplet residual (above 9 mm ambient diameter) filter samples analyzed by Fourier Transform Infrared (FTIR) spectroscopy and X-ray Fluorescence (XRF) were dominated by sea salt, ammonium, sulfate, and organic compounds. For the four nighttime and two daytime flights studied, the mass concentration of unactivated particles and droplet residuals were correlated (R 2 > 0.8) with consistent linear relationships for mass scavenging of all 18 components on each flight, meaning that the measured particle population partitions between droplet residuals and unactivated particles as if the particles contain internal mixtures of the measured components. Scanning electron microscopy (SEM) for flights 3, 5, and 7 support some degree of internal mixing since more than 90% of measured submicron particles larger than 0.26 mm included sea salt-derived components. The observed range of 0.26 to 0.40 of mass scavenging coefficients for the four nighttime flights results from the small variations in temperature profile, updraft velocity, and mixed layer depth among the flights. The uniformity of scavenging coefficients for multiple chemical components is consistent with the aged or processed internal mixtures of sea salt, sulfate, and organic compounds expected at long distances downwind from major particle sources.
Introduction
[2] Aerosol particles affect the Earth's radiation budget directly by scattering light and indirectly by changing cloud properties [Charlson et al., 1992] . Increasing the number of aerosol particles that act as cloud condensation nuclei (CCN) increases the number concentration and decreases the size of droplets in a cloud [Twomey, 1977] . The ability of an aerosol particle to act as a CCN is determined by its composition [e.g., Twohy et al., 2001] and size [e.g., Hegg et al., 1993; Levin et al., 2003; Dusek et al., 2006] , although composition and size are not independent and both change with location and season. Organic compounds also contribute to the CCN behavior of particles by adding components of limited solubility and reduced surface tension [Corrigan and Novakov, 1999; Facchini et al., 1999; Ming and Russell, 2004; Kondo et al., 2007; Ervens et al., 2007] . Overall the population of aerosol particles may consist of external mixtures of multiple types of pure components, where the components may include sulfate, nitrate, black carbon, dust, semi and low-volatility organics, fly ash, and sea salt. Individual particles that include multiple components are known as internal mixtures of those components. For internally mixed particles to imply the same CCNforming properties in the atmosphere, the internal mixture in each particle must contain the same ratio of soluble to insoluble material [Hansson et al., 1998 ].
[3] Direct measurements of aerosol particles in a range of locations have shown particle populations with external mixtures of qualitatively different compositions [e.g., Pósfai et al., 1995; Anderson et al., 1996; Väkevä et al., 2002; Li et al., 2003; Brock et al., 2004; Cziczo et al., 2004; Twohy et al., 2005b] . Many of these studies show clean marine particles externally mixed with combustion products or mineral components when particles from two or more air masses and different source regions are present. Particles that have several similar components mixed together have been frequently observed in marine-influenced environments [e.g., Middlebrook et al., 1998; Murphy et al., 1998; O'Dowd et al., 1999; Lee et al., 2002; Sugimoto et al., 2002; Allan et al., 2004] . Internally mixed sea salt and organic particles were observed in three of these studies [Middlebrook et al., 1998; Murphy et al., 1998; Lee et al., 2002] . At Trinidad Head, California, Allan et al. [2004] observed qualitatively similar mixtures of sulfate and organics in some particles that were separate from other particles containing sea salt components.
[4] The components of particles observed by single particle microscopy and mass spectrometry techniques include a range of ratios of components with each particle type [Murphy and Thomson, 1997; Gao and Anderson, 2001; Allan et al., 2004] . For example, particles with varying fractions of sulfate, and hence varying CCN activity, will be grouped together in a single type by some single particle techniques. Since different ratios of components will have different properties, particles classified by qualitative single particle techniques as internally mixed may have different properties even though they contain the same components. By measuring the solubility, water uptake, surface tension, and scavenging of ambient aerosol, particles can be classified by their properties rather than (or in addition to) their composition. For assessing aerosol-cloud interactions, these two approaches have been used to measure differences in particle properties and behavior. The first uses solubility, hygroscopicity, or surface tension of particles to predict the activation of particles to droplets. The second approach uses mass scavenging coefficients to quantify the partitioning of droplets and particles, by both activation of CCN and scavenging of interstitial particles within the cloud. The second approach can be extended to provide additional information on both composition and mixing by measuring mass scavenging for multiple chemical components simultaneously.
[5] The mass scavenging coefficient (F) quantifies the tendency of a particular chemical component to be incorporated into cloud droplets [Baltensperger et al., 1998 ] and has been used to differentiate particle types that partition into cloud droplets and interstitial particles with different efficiencies [Hallberg et al., 1992; Mertes et al., 2001; Sellegri et al., 2003] . While the measured differences in mass scavenged fraction are useful to describe some aspects of particle composition, there is insufficient information in this measurement to quantify the composition of each particle. For any chemical component,
where M residual is the droplet residual mass and M total is the total mass of the component in both the particle and droplet phases. For external mixtures, each component could have a unique mass scavenging coefficient depending on its hygroscopicity. Baltensperger et al. [1998] found sulfate near F = 1 for submicron particles at a high-alpine site in the Bernese Alps. A similar study at a remote marine site found the sulfate activation fraction to be closer to 0.8, where sulfate concentrations were between 0.2 and 2 mg m À3 [Heintzenberg and Leck, 1994] . For an internal mixture with the same fraction of each component, mass scavenging coefficients will be constant for all components even if the components have different hygroscopic properties.
[6] Hallberg et al. [1992] found sulfate externally mixed with elemental carbon on the basis of the observed scavenged fraction (0.18 and 0.06, respectively). Similarly, Sellegri et al. [2003] identified particles as internal mixtures of elemental carbon and sulfate, ammonium, or nitrate based on the higher mass scavenging coefficient obtained for elemental carbon (F = 0.33) than organic carbon (F = 0.14). In addition, they determined the organic aerosols to be externally mixed from those inorganic species (F = 0.76). Mertes et al. [2001] report similar mass scavenging values for organic carbon, sulfate, sodium, and ammonium (from 0.49 to 0.55) and smaller scavenging coefficients for both black carbon (0.17) and graphitic carbon (0.14), indicating that black carbon and graphitic carbon were in separate particles from those that contained a mixture of organic carbon, sulfate, sodium, and ammonium. Heintzenberg and Leck [1994] show that sulfate and elemental carbon have similar scavenging efficiencies for polluted and remote marine regions, but they have very different scavenging efficiencies over continental regions, illustrating that different particle-droplet partitioning may be caused by sourcebased differences such as varying the fractions of sulfate and elemental carbon or including other components.
[7] Here we present the measured chemical composition of particles and droplet residuals during the Dynamics and Chemistry of Marine Stratocumulus-II (DYCOMS-II) experiment from 2001. The meteorological characteristics of the stratocumulus layers (including entrainment and drizzle) observed for the seven nighttime and two daytime research flights are described by Stevens et al. [2003] . Twohy et al. [2005a] showed that DYCOMS-II below-cloud particle number concentrations (0.1 to 3.0 mm diameter) were correlated positively with droplet number concentrations and negatively with droplet size. This work reports the mass scavenging coefficients for a series of chemical components measured in and below cloud. These component-specific mass scavenging coefficients are used to evaluate if the partitioning of those components between unactivated particles and droplet residuals is consistent with that expected for particles with the same internal mixtures of components at fixed ratios. Both below-cloud and interstitial unactivated particles were measured to compare their partitioning behavior and the spatial homogeneity of the sampled air masses.
Method
[8] Aerosol and cloud properties were measured during the DYCOMS-II experiment off the coast of San Diego in July 2001. The aim was to characterize the chemistry and microphysics of marine stratocumulus clouds lying within a well-mixed boundary layer. Most flights in the NCAR C-130 aircraft consisted of a ferry leg to approximately 300 km offshore, followed by a series of circles in, above, and below cloud. The research flights each attempted to follow the advection of a single air mass, however, wind shear and flight pattern restrictions prevented the flight paths from being strictly Lagrangian [Stevens et al., 2003] . Six flights are analyzed here: flights 3, 4, 5, and 7 measured between 2200 and 0600 local time, and flights 8 and 9 measured between 1100 and 2200 local time. Samples from flights 3, 4, and 5 were collected during circles which were constant within 20 m, and samples from flights 7 and 8 were constant within 50 m. Flight 9 did not contain constant altitude circles, so samples spanned 200 to 400 m vertically, reducing the accuracy of the reported concentrations. Flights 1 and 2 did not collect cloud droplet residuals and are omitted from this analysis. Stratocumulus decks were dense and generally uniform, and drizzle was common with an average 0.5 mm d
À1
. More detailed information on flight patterns and meteorological conditions is provided by Stevens et al. [2003] .
[9] Five aerosol instruments and inlets on the C-130 aircraft were used to measure particle and droplet size and to collect samples for the size ranges in Table 1 . Particle size distributions were recorded by the wing-mounted Particle Measuring Systems Passive Cavity Aerosol Spectrometer Probe (PCASP-100x). The PCASP measures number concentrations across nominal size bins ranging from 0.1 to 3.0 mm with 1 s resolution, where the size measured is assumed to be dry [Strapp et al., 1992] . Spikes and negative values were removed prior to analysis. Cloud droplet (2 to 47 mm) size distributions were measured during flights 3, 4, 7, 8, and 9 with the Forward Scattering Spectrometer Probe (FSSP-100) [http://www.eol.ucar.edu/raf/Bulletins/B24/ fssp100.html]. The FSSP optical particle counter uses Mie theory to calculate the size of each particle based on the intensity of the scattered light. Flight 5 droplet concentrations were calculated from the ''fast-FSSP'' [Brenguier et al., 1998 ] because the FSSP-100 instrument data were not available [vanZanten et al., 2005] . The two instruments provide comparable measurements for the drop size and number concentration ranges measured here [Burnet and Brenguier, 2002] .
[10] Cloud droplet residual composition was determined using a counterflow virtual impactor (CVI) inlet, which isolates cloud droplets larger than approximately 9 mm at aircraft speeds of 100 m s À1 in a stream of nitrogen gas flowing out through the CVI tip [Twohy et al., 2001] . The droplets are dried and the nonvolatile residual mass is collected on 37 mm stretched Teflon filters (Teflo Membrane, Pall Corp., Ann Arbor, MI). A small impactor (0.55 mm cut dried diameter) was installed upstream of the filters to provide an equivalent upper size cut to the impactor used in the solid diffuser inlet (SDI) sampling system (1.3 mm cut ambient diameter). The 0.55 mm cut size was used to correct for the expected difference in relative humidity between the ambient humidity SDI and dried CVI samples (assuming growth factors for NaCl). The filters were analyzed by Fourier Transform Infrared (FTIR) spectroscopy [Maria et al., 2003 ] and X-ray Fluorescence (XRF) to provide mass concentrations for (organic and inorganic) functional groups and elements, respectively. XRF analysis was performed by Chester Labs [Maria and Russell, 2005] . All concentrations that were less than or equal to the detection limit were removed. Elevated levels of chloride and sulfur in the CVI at lower relative humidity were associated with bouncing of dried supermicron sea salt particles, which artificially enhanced the mass collected on the Teflon filters. This artifact was measured in the laboratory as a function of dry size by comparison of NaCl to ammonium sulfate particles, and the resulting calibration curve was used to correct the chloride and sea salt sulfur, sulfate, potassium, and calcium concentrations. The correction factor R was applied as in equation (2),
where m and c denote measured and calculated values, respectively. Chloride is used as a marker for unreacted sea salt (NaCl), which may underestimate total sea salt concentrations due to loss of some chloride mass as HCl gas [Seinfeld and Pandis, 1998 ]. SEM measurements indicate that a majority of supermicron particles were sea salt for flights 3, 5, and 7. Bouncing of the reacted supermicron sea salt particles (which account for between 19% and 55% of supermicron particles) is less likely than unreacted sea salt particles (which account for between 34% and 87% of supermicron particles) [Boskovic et al., 2005; Brach et al., 2000; Li et al., 2003] , making chloride an appropriate surrogate for the unreacted sea salt particles which represent the bounced fraction of supermicron particles.
[11] Sea salt stoichiometric ratios [Warneck, 1988] were used to determine and correct the sea salt contributions of sulfur, sulfate, potassium and calcium concentrations. The uncertainty associated with this correction scales with the fraction of the component that is from sea salt, which is a large fraction of the chloride and a smaller fraction of the sulfur, sulfate, potassium, and calcium. Correction factors for chloride are on the order of 0.04 while those for sulfur, sulfate, potassium, and calcium are between 0.5 and 0.7.
[12] DYCOMS-II particles between 0.2 and 1.3 mm were collected using the solid diffuser inlet (SDI) [Huebert et al., 2004] . The SDI was followed by a three-stage particle concentrator (3SPC) consisting of three slit virtual impac- Estimated from losses by impaction on plumbing walls [Huebert et al., 2004, Figure 6 ].
tors, which concentrated the volume of particles collected on the Teflon filters by up to a factor of 19 [Maria et al., 2002] . These Teflon filters were analyzed by FTIR spectroscopy and XRF. Both particles and cloud droplets were sampled to provide below and in-cloud concentrations (mg m À3 of air sampled) for each chemical component.
[13] A porous diffuser low turbulence inlet (LTI) following the design of Huebert et al. [2004] was used to collect single particles less than 6 mm on polycarbonate membrane filters with a Streaker (PIXE International) for SEM (>0.26 mm). Smaller particles (<0.26 mm) were collected by a 3-stage impactor following the LTI for transmission electron microscopy (TEM). The four different types of samples collected were designated as ''below-cloud particles'' (sampled through the SDI, discussed in section 3.2.1), ''in-cloud or interstitial particles'' (sampled through the SDI, discussed in section 3.2.2), ''droplet residuals'' (sampled through the CVI, discussed in section 3.3), and ''single particles'' (sampled through the LTI and analyzed by SEM and TEM, discussed in section 4.2).
Results
[14] During each flight aerosols and clouds were characterized by particle size distribution, vertical concentration profile, and mass scavenging efficiency. Flights 4, 7, and 8 were clean relative to marine conditions, with less than 250 cm À3 (where we have identified flights as clean based on low below-cloud condensation nuclei (CN) number concentration) while flight 9 was closer to shore and 
Meteorological Conditions
[15] Figures 1 and 2 show vertical profiles of virtual potential temperature (q v ), vertical velocity (w), horizontal wind speed (WS), ozone mixing ratio, water mixing ratio (MR), and liquid water content (LWC) for each research flight. Profiles were measured near the beginning and end of each 9 h flight. Comparing the profiles for each flight shows few changes in temperature, updraft, water vapor, and ozone mixing ratio profiles between the start and end of sampling. The depth of the mixed layer obtained from virtual potential temperature, liquid water content, or water mixing ratio varies between 560 m and 1020 m and marks the cloud top altitude (Table 2) : flights 8 and 9 have shallow mixed layers (less than 600 m). Vertical velocity and wind speed profiles are consistent with other markers of mixed layer depth and show reduced updrafts in and shear at the boundary between the mixed layer and the free troposphere. The average liquid water content in cloud ranges from 0.19 to 0.43 g m À3 and was the highest in flight 7, which had the thickest cloud layer observed during vertical profile measurements. The standard deviations of vertical velocity during these sample periods range from 0.39 to 0.74 m s À1 (Table 2) . Figures 3a and 3b show below-cloud and interstitial particle composition, respectively. Compounds are divided into categories based on their reactive properties and origin. Metals and mineral components include aluminum, titanium, chromium, manganese, iron, copper, vanadium, cobalt, nickel, potassium, calcium, silicon, and silicate ions. The ammonium and sulfate category also includes elemental sulfur since the latter is dominated by sulfate [Seinfeld and Pandis, 1998 ]. The organic category reflects the total measured amounts of saturated aliphatic C-C-H, carbonyl C = O, and organosulfur C-O-S; the latter two were above detection limit in less than 5% and 12% of the samples, respectively, and provide insufficient data for comparison of droplet and particle composition. Chloride is measured by XRF and reflects the unreacted sea salt fraction [Seinfeld and Pandis, 1998 ].
[17] Panels in Figure 4 show the interstitial and belowcloud particle size distributions measured by the PCASP, averaged for the SDI sampling periods. The PCASP measured continuously for the duration of the flight (approximately 9 h); the SDI was only used to collect particles during constant altitude circles lasting 30 min to 1 h. The below-cloud distributions are characterized by a broad peak near 0.2 mm of varying concentration (Table 3) Cloud top levels were based on virtual potential temperature since LWC was unavailable. Cloud bottom altitude was not available for these profiles. All below-cloud sample particle number distributions have a mode centered between 0.18 and 0.25 mm, which we will refer to as the 0.2 mm mode (Figure 4) , with a shoulder or second mode at a smaller diameter. The 0.2 mm number mode corresponds to a mean mass diameter of about 0.55 mm. Below-cloud distributions have a very small number of particles in a mode centered between 0.76 and 0.83 mm. In the 0.13 to 0.14 mm size bin, flight 9 had 47 cm À3 , the highest dN/dlogD p peak concentration for the project. The belowcloud particle peak number concentrations are uniform within each of the six research flights, with little variation in mode diameter between samples or flights (Table 3) .
[20] Ammonium and sulfate make up the largest identified portion of the below-cloud particle mass for most flights, with an average mass concentration of 1.5 mg m
À3
and mass fractions that range from less than 1% to 95% (Figure 3a) . Below-cloud organic mass concentrations range from below the detection limit to 2.0 mg m À3 and the organic mass fraction ranges from less than 1% to 87%. Below-cloud chloride was present in the largest concentration in flight 3 at 0.07 mg m À3 .
Interstitial Particles
[21] The interstitial number distributions in Figure 4 show a smaller peak in the 0.2 mm mode (corresponding to a mass-mean diameter of about 1.1 mm) than is present in the below-cloud distributions, with between 63% and 73% of the particles having been removed or grown to droplets (Table 3) . Flight 9 has the highest concentration of interstitial submicron particles, as well as a broad peak at 0.2 mm. The 0.8 mm interstitial mode has between 2 and 4 times higher concentrations than below-cloud, with significant variability both between and within the flights. Flights 4, 7, and 8 are relatively clean and have larger variations in interstitial particle size distributions between the sampling intervals than flights 3, 5, and 9, which have higher CN concentrations on average (Figure 4 ). Flights 4, 7, and 8 also have higher drizzle rates (0.08 to 0.60 mm d
À1
) than flights 3, 5, and 9 (below detection limit to 0.05 mm d À1 ) ( Table 2) and have heavy drizzle events contributing to between 20% and 64% of the total drizzle (Table 1) [vanZanten et al., 2005] . The differences in the in-cloud interstitial particle distributions, despite very similar ozone mixing ratios during flights 4, 7, and 8, probably result from these heavy drizzle events.
[22] Ammonium and sulfate dominate the interstitial particle mass, with an average mass concentration of 1.0 mg m À3 (Figure 3b ). The interstitial organic mass concentration varied the most between flights, ranging from below detection limit to 1.28 mg m
À3
. Elevated chloride . Panels contain the PCASP particle size distributions for the SDI size range and sampling intervals (between 30 min and 1 h) during each flight. dN/dlogD p values are plotted against particle diameter. Solid lines represent interstitial particle measurements averaged over a constant altitude sampling circle. Dashed lines represent below-cloud measurements averaged over a constant altitude sampling circle. Blue, black, and red lines mark samples collected at the beginning, middle, and end of the flights, respectively. concentrations in interstitial particles relative to belowcloud particles and droplets may be attributed to the increased partitioning of semivolatile chloride into unactivated particles in-cloud relative to below-cloud because of their larger water uptake. Interstitial chloride was highest in flight 7 at 0.26 mg m À3 .
Droplet Mode Size and Droplet Residual Composition
[23] Droplet size and concentration were measured by the FSSP-100 and fast-FSSP probes, with the mean diameter for each flight ranging from 6.6 to 11.3 mm. Figure 6 is similar to Figure 3 from Twohy et al. [2005a] , where we have modified the data on the abscissa. Droplet number concentration measured by the FSSP and fast-FSSP shows a strong dependence on particle number concentration (0.2 to 1.3 mm only) measured by the PCASP (R 2 = 0.76), in agreement with the correlation of droplet number concentration and particle number concentration of the PCASP size range (0.1 to 3 mm) used by Twohy et al. [2005a] . Drop size is also correlated (inversely) with particle number concentration (R 2 = 0.69). The most polluted flight (9) has the highest droplet concentration and the lowest mean droplet diameter [Twohy et al., 2005a] . The two cleanest flights 7 [24] Chemical composition of droplet residual mass is shown in Figure 3c , with multiple samples acquired during each flight. Ammonium and sulfate constitute the bulk of the mass collected (above 0.5 mg m À3 in 10 of 15 samples) and from 22% to 95% of measured residual mass. Organic compounds also contribute significantly to residual mass (below detection limit to 1.1 mg m À3 ), from less than 1% to 56%. Chloride is observed at lower concentrations in the droplet residuals than in interstitial particles, perhaps resulting from increased loss of chloride as HCl during cloud processing in aqueous cloud droplets (which are less acidic than interstitial particles) or during sampling and evaporation in the CVI.
Mass Scavenging Coefficients and Cutoff Diameter
[25] Following equation (1), flight-averaged droplet residual concentrations M residual for each component measured are shown to depend on the total concentration of that component M total , which is the sum of the flight-averaged in-cloud particle (interstitial) concentration M interstitial and the droplet residual concentration M residual (Figure 7 ). This plot yields the mass scavenging coefficient F in (equation (3)) as the slope of the line.
For below-cloud samples, M total is M belowÀcloud and we can rewrite equation (3) as,
Here the slope of the line generated by plotting cloud droplet residual concentration against below-cloud particle concentration yields F below .
[26] Mass scavenging coefficients for each sampling interval were used with PCASP number distributions to calculate the cutoff diameter D* p below which particles form droplets smaller than the lower size cut of the CVI (9 mm). First the total mass (M SDI ) of particles in the SDI size range was determined (equation (5)).
where r is the density of water and N p is the number of particles in each size bin. From the mass scavenging fraction (F) and the total particle mass (M SDI ), D* p is defined implicitly as
The values for particle number (N p ) are binned such that D* p precision is limited by the width of the measured size bins.
Discussion

Uniform Particle-Droplet Partitioning of 18 Chemical Components
[27] For spatially well-mixed, clean, low SO 2 air masses the bulk below-cloud and total (particle plus droplet) incloud composition of nonvolatile components will be comparable and will result in similar F in and F below values. For less homogeneous regions, the below-cloud samples and interstitial samples collected in spatially and temporally separated air masses will be more variable. Flights 4 and Figure 6 . Droplet concentration as a function of particle number concentration for 0.2 to 1.3 um diameter particles. Color indicates droplet size as measured by the FSSP-100 for flights 3, 4, 7, 8, and 9 and fast-FSSP for flight 5. Droplets are defined by the two FSSP probes as cloud particles above 2 mm. Values along the y = 0 line are flight number, and correspond to the markers above them. Shaded diamonds and shaded circles correspond to cloud bottom and cloud top, respectively. The best fit line (y = 0.55x + 60) has an R 2 = 0.76. Drop size correlates to particle number concentration (R 2 = 0.69).
7 were chemically homogeneous in space and time, showing little change in mean ozone mixing ratio between sampling circles (1 -3 ppbv) and small standard deviations within each circle (0.6 -1.5 ppbv, as in Table 5 ). For flight 7 the mass scavenging coefficients were also consistent between the below and in-cloud measurements (Table 6) . Flight 4 had homogeneous ozone mixing ratios and particle compositions, but the mass scavenging coefficients in and below-cloud differed by a factor of 2. This difference may result from the missing (below detection limit) measurements of concentration of saturated aliphatic C-C-H in interstitial particles for both in-cloud circles during flight 4, since the organic mass scavenging coefficient has a significant influence on the line fit for the average mass scavenging coefficient. Chemical variability was higher in the more polluted flights (3 and 5, with 8-16 ppbv differ- Table 6 . ences in mean ozone mixing ratios between sampling circles) and the day flights 8 and 9. The poor correlation between below-cloud particle and in-cloud droplet composition for these four flights (in Figure 3) suggests that the more polluted flights had more chemical variability associated with pollution plumes and the daytime flights had more changes in supersaturation and mixing associated with diurnal heating.
[28] Figure 7 shows the droplet residual mass for each component plotted against the total mass of that component in-cloud (particle plus droplet) or below-cloud (particle only). Aliphatic C-C-H functional groups and sulfate ions dominate the composition, while mineral components constitute most of the remaining mass. Trace metals (vanadium, nickel, manganese, chromium, titanium, cobald, iron, and copper) have the lowest mass concentrations, typically with 1 to 10 ng m
À3
. Table 6 summarizes the mass scavenging coefficients (F in and F below ) and correlation coefficients for all six flights. The mean mass scavenging coefficients for the night flights in the DYCOMS-II study lie between 0.26 and 0.40 for interstitial particle concentrations (F in , in-cloud mass scavenging coefficients) and between 0.14 and 0.68 for below-cloud particle concentrations (F below , below-cloud mass scavenging coefficients), with each averaged over 18 chemical components. Droplet composition and particle composition within each flight and sample type (belowcloud versus in-cloud) are well correlated with slope uncertainties within ±0.06 in night flights and within ±0.11 in day flights. There is considerably more variation between the flights with factors of 1.5 and 4 separating the lowest and highest in-cloud and below-cloud average mass scavenging coefficients. One reason for this may be the variation in cloud supersaturation for different flights, which is inferred from the standard deviation of updraft velocity since supersaturation cannot be measured (Table 2) [29] Table 7 lists the day and night mass scavenging coefficients averaged over multiple flights for each component measured. Single-component F values are mostly between 0.2 and 0.4, with the least variation for nighttime in-cloud samples. Scavenging coefficients of the two most abundant components (aliphatic C-C-H and sulfate) have averages of 0.23 and 0.39, respectively. The correlation coefficients between the concentration of each compound in the particle phase and the concentration measured in the residual droplets is greater than 0.83 for 15 of the 16 comparisons and greater than or equal to 0.90 for 11 of the 16 comparisons (Table 6 ). This correlation is consistent with though not sufficient for internal mixing of the particles in the 0.2 to 1.3 mm diameter size range. The hygroscopic components had mass scavenging coefficients that were similar to less hygroscopic components, and hygroscopicity and mass scavenging were not correlated. For example, sulfate scavenging coefficients vary from 0.30 (below average efficiency) to 0.47 (above average efficiency) which is similar to sulfate mass scavenging reported by Mertes et al. [2001] where particles were mixtures of sulfate, organic carbon, sodium, and ammonium. The range of coefficients for sulfate suggests that the sulfate, organics, and other inorganic compounds may not have always been present in the same proportions or that variability in meteorological conditions and inlet efficiencies (see section 4.3) has influenced measured mass scavenging efficiencies. These findings are consistent with the conclusions of Murphy et al. [2006] , who performed singleparticle analysis using laser mass spectrometry and determined that over 90% of accumulation mode particles (0.1 to 1 mm) away from local sources were internal mixtures of sulfate and organics. The consistency in F over the 18 components strongly suggests that sea salt, sulfate, organics, trace metals, and mineral components are present as mixtures within the same particle types in submicron particles but is not sufficient to show that all particles are internally mixed, especially since activation and in-cloud scavenging processes are indistinguishable. However, the similarity of mass scavenging coefficients for multiple chemical components in the observed clouds means that the differences among the particle compositions do not have significant effects on their partitioning into droplets when cloud formation and processing mechanisms are considered together.
Submicron Below-Cloud Particle Mixtures With Sea Salt
[30] Single particle below-cloud TEM and SEM data for individual samples from flights 3, 5, and 7 are shown in Figure 8 . Particles in the two smallest size channels are measured by TEM; those above 0.26 mm are measured by SEM. The particles are classified by K-means cluster analysis as employed by Anderson et al. [1996] , resulting in simpler categories for the cleaner marine conditions of DYCOMS-II than the Bermuda particles: organic and soot (which are unresolved by SEM), unreacted sea salt (similar to categories 31-35, and 36 by Anderson et al. [1996] ), reacted sea salt (categories 22-24, 30, 41, 43, 46, and 49), metal or mineral components (categories 1 -21, 28, 38, 42, 44, 51, and 57) , and ammonium sulfate (category 25), though no particles above 0.26 mm were classified as ammonium sulfate. Other sulfate salts (categories 26, 27, and 29) include calcium, magnesium, sodium and potassium sulfate and contain smaller amounts of sodium, and potassium than is expected for sea salt. These particles appear to be a mixed-cation sulfate that is part of normal sea salt but may have been mechanically separated from sodium chloride. Similar particles were observed by Pósfai et al. [1995] and Anderson et al. [1996] . Organic compounds that were internally mixed with sulfate or sea salt were not resolved by the weak carbon X-ray signal and may be underestimated or omitted. The bulk samples collected with the SDI for flights 3, 5, and 7 (Figures 3a and 3b) are similar in composition to the sea salt single particles described in Figure 8 . The measured submicron composition from FTIR spectroscopy and XRF is consistent with the TEM and SEM results. The size-resolved composition from the TEM and SEM illustrate that for flights 3, 5, and 7, between 71% and 91% of particles with diameters larger than 0.26 mm had similar sea salt-containing compositions (internal mixtures of sea salt with varying ratios). Particles below 0.26 mm diameter have different and more variable compositions from the larger particles. Although these particles contribute a significant fraction to particle number the mass of these particles is too small to affect the mass-based scavenging coefficients for most chemical components.
Drop Size Effects on Inlet Efficiency and Mass Scavenging
[31] DYCOMS-II marine stratocumulus clouds are characterized by increasing droplet size with altitude (inferred from increasing liquid water content without changes in droplet number concentration [Straub et al., 2007] ), making the efficiency of the CVI for sampling drops increase with sampling altitude within clouds that contain some drops that are below this cutoff. Figure 9 shows that the fraction of droplets above 9 mm is correlated to normalized altitude h TEM measurements were not available for flight 3. Composition categories include: metals and mineral components (grey), ammonium sulfate (orange), unreacted sea salt (turquoise), partially and completely reacted sea salt (dark blue), other sulfate salts (magenta), and organics and soot (green). TEM size channels also include mixed (red) and unresolved (black) composition categories.
for each sampling interval within the cloud (with R 2 = 0.6), with h calculated as
(where z is the sample altitude and z base and z top are the cloud base and top altitudes, respectively). The samples taken closer to the cloud top contain a larger fraction of droplets above the lower CVI cutoff diameter as they coincide with the maximum liquid water content in the vertical profile (Figure 2 ).
[32] The calculation of mass scavenging coefficients is sensitive to the fraction of particles activated to droplets below 9 mm. The cutoff size D* p (equations (5) and (6)) is a function of the size distribution of the particles sampled, their composition (specifically the amount of soluble material in the particles), and the supersaturation. A measure of the representativeness of the mass scavenging coefficients of the entire droplet population is provided by the ratio of below-cloud D* p to D m,SDI . For ratios less than 1, the mean size is larger than the cutoff size, suggesting that more than 50% of below-cloud particles would activate to droplets greater than 9 mm. From the 11 below-cloud samples analyzed, 5 samples have ratios less than 1, indicating that the measured compositions of cloud droplet residuals are representative of at least 50% of the droplet population (Table 8) .
[33] The mean mass PCASP diameter D m,PCASP varies between 2.5 and 2.6 mm (Table 4 ). This diameter is approximately 1.5 times larger than the diameter of the particles collected through the SDI, which have D m between 0.89 and 1.1 mm. The flights with the larger D m,SDI (4, 7, and 8) are also the flights with the larger D m,PCASP . The SDI particle mass makes up between 3 to 4% of the 0.1 and 3.0 mm mass. Flight 7 is the cleanest flight, containing the lowest SDI number fraction and second lowest SDI mass fraction (Table 4) .
[34] Twohy et al. [2005a] found that between 70% and 100% of particles (by number) in the nighttime below-cloud samples (in the PCASP size range of 0.1 to 3.0 mm) were scavenged to form droplets measured by the FSSP-100 and fast-FSSP in DYCOMS-II [ Figure 3 , Twohy et al., 2005a] , while the nighttime mass scavenging coefficients reported here are between 14% and 68% below-cloud (Table 6 ). This difference is attributed to the missed activated mass in droplets between 2 mm (lower FSSP-100 limit) and 9 mm (lower CVI limit), which yields mass scavenging coefficients that are biased low relative to a hypothetical inlet that collects all cloud drops. This difference is larger for flights with small average drop diameters (flights 3, 5, and 9) and for samples collected near cloud bottom. The dependence of mass scavenging coefficient on drop size in Figure 10 shows a consistent increase in mass scavenging coefficient of night flights with an increasing fraction of drops above 9 mm. Three flights (4, 8, and 9) contained samples with more than 50% of the particle mass collected by the CVI were within the flight to flight variability of the number activation reported by Twohy et al. [2005a] .
Conclusion
[35] The 0.2 to 1.3 mm particles sampled in and belowcloud during DYCOMS-II partition to cloud droplets as if they are internally mixed, consistent with the SEM composition measurements showing that most particles between 0.26 mm and 1.14 mm are internal mixtures with reacted and unreacted sea salt. The 18 measured organic and inorganic functional groups, mineral components, and trace metals show nighttime in-cloud mass scavenging coefficients between 26% and 47% for droplets larger than 9 mm diameter. For each flight and sample type (in-cloud or below-cloud) there is little variation between component-specific mass scavenging coefficients, even for components with different Figure 9 . Fraction of droplets above 9 mm diameter as a function of h, where h is the altitude of the sample within the cloud normalized by the cloud height (equation (7)). Each flight has either two or three droplet sampling intervals. The bold line represents the best fit (y = 0.67 h À 0.2) of night flights (3, 4, 5, and 7); daytime flights 8 and 9 (boxed) were not included in the fit. Grey lines show the trend for individual flights and are a guide for the eye since there are 3 or fewer points in each fit. hygroscopicity. Flight 4 has clean marine conditions, wellmixed and consistent ozone mixing ratios, and very similar variations in updraft velocity throughout the flight resulting in a droplet residual composition that is very similar to the below-cloud particle composition. SEM measurements for flights 3, 5, and 7 show that greater than 90% of the number of particles above 0.26 mm are internal mixtures of sea salt, sulfate and nitrate, with XRF and FTIR measurements identifying organic compounds and trace metals in this 0.8 mm mode. For 5 of the 11 CVI samples, more than half of the below-cloud particles were larger than the CVI cutoff size for particles activating to droplets larger than 9 mm. Droplets missed below 9 mm diameter biased the scavenging coefficients low (especially for lower cloud altitudes and smaller drop sizes) but do not affect the observed uniformity of mass scavenging coefficients for the 18 components measured.
[36] For the particle compositions sampled during DYCOMS-II, substantial physical and chemical evidence show that the measured chemical components partition between particle and droplet phases as if they are internally mixed. The combination of SEM identification of sea salt in 90% of the 0.8 mm-mode particles with physical measurements of uniform particle-droplet partitioning means that the scavenged fraction of particles behave as if the components were internally mixed in the particles.
[37] Extrapolating these results to other meteorological conditions, sources, and locations is not warranted, as the particles sampled here are unique in their distance from sources (300 km offshore) with substantial time for prior processing in cloud layers. The low supersaturations of Pacific marine stratocumulus also mean larger activation diameters such that the smaller, less processed particles (which are externally mixed in many of the components measured here) do not contribute substantially to activated droplet mass. Studies of particle and droplet composition in other locations are needed to provide a more complete description of the partitioning of chemical components in other aerosol-cloud interactions. 
